We present an investigation, by combining small-angle neutron scattering (SANS) and coarsegrained molecular dynamics (MD) simulations, on the conformational properties of single-chain nano-particles (SCNPs) in crowded macromolecular solutions. By using linear chains as crowders SANS shows a crossover from almost unperturbed SCNP conformations in dilute conditions toward a continuous collapse of the macromolecule with increasing crowding. This collapse starts when the total concentration of the solution reaches the value of the overlap concentration of the pure SCNP solutions. MD-simulations prove the generalizability of these experimental findings and extend them to the case when the SCNPs themselves are used as crowders -a situation which in real systems leads to unavoidable formation of aggregates, as shown here by SANS and DLS.
I. INTRODUCTION
Single Chain Nano-Particles (SCNPs) are polymeric soft nano-objects consisting of unimacromolecular chains collapsed to a certain degree by means of intramolecular bonding (i.e., covalent, non-covalent or reversible covalent bonds). Sensing capabilities, controlled drug delivery and catalytic applications, among others, of single-chain nano-particles have been recently demonstrated in dilute conditions [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . From a basic point of view, the folding/collapse process leading to nano-particle formation has attracted significant interest as a simplified model of protein folding. By combining small angle scattering experiments [both, by neutrons (SANS) and X-rays (SAXS)] with computer simulations and by analyzing a large number of systems reported in the literature, it has been shown that the usual techniques for SCNP formation in good solvent conditions result in sparse, non-globular morphologies in solution, even by employing highly-efficient intra-chain cross-linking techniques (e. g., 'click' chemistry) or supramolecular interactions [11] . The fundamental physical reason underlying this general observation is that the formation of long-range loops, leading to efficient folding into globular structures, is an infrequent event due to the self-avoiding conformations universally adopted by the linear precursors in good solvent conditions [12] .
It is noteworthy that the global conformations exhibited by SCNPs in dilute solution share some structural features with those displayed by intrinsically disorder proteins (IDPs) [13] .
IDPs are ubiquitous in nature and responsible of functions of utmost relevance in biological systems [14] . Their biological function is founded on their internal dynamics and flexibility, which enable them to respond quickly to environmental changes and to bind with different cellular targets. A first analogy between SCNPs and IDPs is the similar scaling behavior of their molecular size R with the number of monomers or residues N , R ∼ N ν ,with an average exponent ν ∼ 0.5 [11, 15, 16] . Another common feature with IDPs is that SCNPs are intrinsically polydisperse both in size and topology, even if they are produced by the same chemical route [11, 12, [17] [18] [19] (i.e., same chemistry, molecular weight and fraction of functional groups in the precursor). Though lacking of ordered structure, SCNPs still show weakly deformable domains (analogues of ordered IDP domains) [20] . We also note that dynamically, both SCNPs and IDPs seem to share a high degree of internal friction that strongly hampers chain motions [21] . These structural and dynamical similarities emphasizing the analogies between SCNPs and IDPs in dilute conditions can be invoked to consider SCNPs as model systems, free of specific interactions, to mimic properties of IDPs in different environments (crowding, confinement, etc).
Though the conformational, dynamic and catalytic properties of SCNPs at high dilution have been actively investigated over recent years, their eventual modification in concentrated solutions is a scarcely explored problem. Still, there are indications from other fields of research -in particular from the problem of crowding in cellular environments-that suggest that the former properties of SCNPs in concentrated solutions can significantly differ from those at high dilution. In crowded cellular environments highly concentrated macromolecular solutions, typically in the range of 100-400 mg/mL, are usually present. In such systems, macromolecular species as proteins and RNA occupy a large volume fraction (10 -40%) of the cell [22, 23] and the typical size of a 'tagged' macromolecule is comparable to the typical distance between the crowders. The effective nano-confinement effect induced by the crowders can dramatically modify biological function, through changes in the conformational and dynamical properties of the macromolecules respect to diluted in vitro conditions (<10 mg/mL) [22] [23] [24] [25] [26] . Folding, structural stability and self-assembly of proteins can also be strongly affected by crowding [27] [28] [29] [30] [31] [32] . Crowding effects can be particularly strong for the properties of IDPs [33] [34] [35] , due to their aforementioned malleability and propensity to bind with different targets [29, 36] .
One limiting case of increasingly crowding environment for SCNPs is when they are part of so-called all-polymer nano-composites i.e., linear polymeric matrices embedding SCNPs instead of the usual hard inorganic nano-particles. Actually, an important envisaged application of SCNPs from the earlier times was as components of such materials. This is due to several advantages presented by SCNPs; among them, we can highlight the following three:
(i) their small size (tuneable by the molecular weight of the starting precursor chains), (ii) the possibility of removing incompatibility effects between the nano-composite components by choosing pairs of polymers with null or even negative values of the interaction parameter χ and (iii) the versatility of the final nano-composites concerning the relative hard/soft character of the components imprinted by tuning their glass transition temperatures. Up to date, experimental information about the structural features and molecular dynamics in bulk materials containing SCNP (all-polymer nano-composites and bulk polymers composed by only SCNPs) is certainly scarce. However, intriguing results have been reported for allpolymer nano-composites. In the earliest work by Mackay and coworkers on systems based on polystyrene, an unexpected decrease in the viscosity was found [37] . [38] .
Inspired by the former analogies with IDPs and motivated by the previous intriguing findings on all-polymer nano-composites, we aimed to investigate the conformational properties of SCNPs in concentrated solutions as model systems of crowded environments. In a recent work [20] , we presented a global picture for the conformational properties of SCNPs in solution, covering the whole concentration range from infinite dilution to bulk density.
That study was mainly based on MD-simulations on solutions of SCNPs using a generic simple coarse-grained model ('bead-spring'). It was found that the SCNPs start to col- deuterium labeling. It results in a marked difference in scattering power (contrast) between molecules synthesized from normal (protonated) and deuterated units. Thus, deuterium labeling techniques can be exploited to 'stain' molecules and make them 'visible' not only in dilute solutions, but also in crowded environments, such as concentrated solutions of overlapping chains and even in the condensed state. The SANS study presented in Ref. [20] corresponded only to two limit cases: high dilution of SCNPs in a good molecular solvent and a nano-composite formed by a PEO matrix and PMMA-based SCNPs -actually, the system exhibiting noteworthy dynamical effects previously commented [38] -. Interestingly enough, the SANS experiments on the nano-composite as well as the bead-spring simulations on SCNPs in bulk conditions (both in a melt of only SCNPs and in a nano-composite model combining SCNPs and linear precursor chains) revealed an unexpected 'crumpled' globular [39] morphology of the SCNPs, similar to that presented by ring polymers in melts [40, 41] and chromatin loops in chromosomes [42] .
In this work we exploit neutron scattering selectivity achieved by isotopic (deuterium) labeling and present a SANS investigation on the conformational properties of SCNPs in increasingly crowded environments. Crowding is induced by two means, namely by adding either linear polymeric chains or SCNPs. A systematic complementary study by Dynamic Light Scattering (DLS) has also been carried out to determine under which conditions aggregation of the SCNPs takes place and its reversibility. Moreover, in order to generalize the experimental results, we have also carried out molecular dynamics (MD) simulations using a generic simple 'bead-spring' coarse-grained model. This model captures the universal monomer excluded volume and chain connectivity interactions, and it is free of specific interactions and of intra-and inter-molecular reactions in the solutions. We have also exploited the capabilities offered by the simulations in order to calculate observables that are not accessible by the SANS technique -namely the contact probability and the distance between monomers as functions of the contour distance between them-that allow discerning between an equilibrium or a fractal globule as the underlying conformational organization of the SCNPs in crowded environments.
The article is organized as follows. In Sections II and III we give experimental and simulation details, respectively. Results are described and analyzed in Section IV. General consequences of the former analysis are discussed in Section V. Conclusions are given in Section VI.
II. EXPERIMENTAL

A. Samples
We investigated SCNPs obtained starting from linear precursors (Prec) consisting of random copolymers of methyl methacrylate (MMA) and (2-acetoacetoxy)ethyl methacrylate (AEMA), namely P(MMA 0.71 -co-AEMA 0.29 ). Three different molecular weights for precursors were investigated. The molecular weights and polydispersities determined by SEC are displayed in Table I . SCNPs were obtained through two different cross-linking mechanisms.
One of them was Michael addition-mediated multidirectional self-assembly. This protocol was conducted at room temperature in tetrahydrofuran (THF, Scharlab) at 1 mg/mL during 72 h, by following the procedure reported in Ref. [43] . We will refer to the such obtained of AEMA units, exploiting the β-ketoester functional groups in the copolymer precursors.
Reaction times were of 24 h, at a concentration of 1 mg/mL in THF. The SCNPs synthesized by this method (described in detail in Ref. [2] ) will be called 'CuNPs' throughout the manuscript. CuNPs were only investigated by DLS.
The SANS experiments on dilute solutions were carried out with deuterated N-NDimethylformamide (dDMF, 99.5% atom, from Across Organics) as solvent. Crowded solutions were obtained by adding deuterated linear PMMA chains of two different molecular weights (Polymer Source, see Table I ).
To apply isotopic labeling for studying by SANS the effects produced by increasing the concentration of SCNPs, deuterated SCNPs were necessary. They were synthesized starting from linear precursors ('dPrec') consisting of deuterated MMA monomers, but the unavailability of deuterated AEMA monomers prevented to obtain completely deuterated macromolecules. The synthesis protocol was the same as that applied for intra-chain crosslinking of the Michael-SCNPs previously described. Only high-molecular weight macromolecules (similar molecular weight as that of the protonated counterparts Hi-Prec) were investigated.
The resulting SCNPs will be denoted as 'dMNP'.
DLS experiments were carried out on solutions of both, MNPs and CuNPs in N-N- Dimethylformamide (DMF, 99.9%, from Sigma Aldrich). Table II .
C. Dynamic Light Scattering
Dynamic light scattering (DLS) probes the relaxation of concentration fluctuations on mesoscopic time and length scales. In a homodyne experiment, the measured intensity autocorrelation function is given by
with f c an experimental factor and S(Q, t) the Fourier transform of the density correlation function of the scattering medium:
Here ρ( r, t) is the local density at position r at time t in the sample. The scattering vector Q for light scattering is given by Q = 4πn d sin θ/λ o , with λ o the wavelength in vacuum and n d the refractive index. The experiments were performed on a Malvern Zetasizer Nano ZS apparatus. At the experimental conditions employed [2θ=173
the Q-value explored was 0.00284Å −1 .
III. SIMULATIONS
We used a simple bead-spring model [44] for the polymer precursors, which were constructed as linear chains of N = 200 monomers. A fraction f = 0.4 of the monomers in the precursor were selected as reactive ones. They were randomly distributed along the backbone with the constraint that consecutive reactive monomers were not allowed, preventing trivial cross-links. In order to mimic implicit good solvent conditions, the non-bonded interactions between the monomers were given by a purely repulsive Lennard-Jones (LJ) potential:
which was cut-off at r c = 2 1/6 σ. We set = σ = 1 as units of energy and distance, respectively. Qualitatively, in the fully-flexible bead-spring model σ represents a distance of the order of the Kuhn length [44] , i.e., σ ∼ 1 nm [45] . The interactions between connected monomers were given by a FENE potential [44] :
with K F = 15 and R 0 = 1.5. The use of the LJ and FENE potentials prevents strong fluctuations of the bonds and guarantees chain uncrossability [44] . After equilibration of the precursors, the formation of the SCNPs through irreversible intramolecular cross-linking was activated. Two reactive monomers formed a bond when their mutual distance was smaller than r b < 1.3σ, and they remained bonded (through the FENE potential) for the rest of the simulation. The reactive monomers were monofunctional, i.e, a reactive monomer was not allowed to form a new bond if it was already bonded to another reactive monomer. The precursors were coupled to the same thermal bath but did not interact with each other, i.e, cross-linking was purely intramolecular by construction. Further details of the model and cross-linking procedure can be found in Ref. [44] .
Cross-linking of the SCNPs was completed in all cases. A total of 200 SCNPs were generated and used for the simulations of the solutions, where the intermolecular interactions were switched on. They were inserted in a cubic simulation box with periodic boundary conditions, at a density far below the overlap concentration (see below) and preventing concatenation. The simulation box was very slowly compressed and equilibrated at the different simulated concentrations, where the acquisition runs were performed. Concentrations are
with N mon the total number of monomers in the box and L the box size. The selected cocentrations covered the whole range from high dilution (c = 0.002) to c = 0.85, which qualitatively corresponds to bulk density [44] .
We also performed simulations of solutions containing both SCNPs and linear chains.
Namely, we selected a subset of 40 of the former SCNPs and used linear bead-spring chains as crowders. In this case the box size was fixed so that the concentration of SCNP monomers was always c = 0.008. In analogy to the experiments, this is much lower than the SCNP overlap concentration c = 0.062 (see Table III ). The number of linear chains was increased to cover a broad range of total monomer (SCNP+linear) concentrations, from high dilution to concentrated solutions. We used three types of linear crowders, of N = 10, 50 and 800 monomers per chain. In analogy to the experiments, the overlap concentration of each macromolecule of N monomers is defined as c = N/(2R g ) 3 , with R g = R 2 g 1/2 its average radius of gyration. For a correct comparison between the results in the pure solutions and in the mixtures, the static observables presented below for the pure solutions were averaged just over the set of 40 SCNPs that were also used in the mixtures. Still, very small differences were found by averaging over all the SCNPs in the pure solutions. Table III shows the average radii of gyration and overlap concentrations for the simulated SCNPs and linear crowders.
All the simulations (including the cross-linking runs) were performed under Langevin dynamics (see details in Ref. [12] ) at temperature T = 1. A home-made code was used for the cross-linking simulations. The simulations of the solutions were performed by using the GROMACS 4.6.5 package [46] . Further simulation details can be found in Ref. [20] .
IV. RESULTS
A. SANS on Michael-SCNPs in dilute conditions
A first set of SANS experiments was devoted to determine the size of the linear chains in dilute solution and the degree of collapse induced by the internal crosslinking procedure on the macromolecules. Since the scattered intensity is proportional to the square of the difference of the scattering length densities of the two phases A and B, (ρ
, these experiments were performed by dissolving protonated macromolecules in deuterated solvent. In this way, the contrast is highly enhanced (see Table II Under high dilution conditions of the labelled macromolecules, inter-molecular interactions are negligible and the associated structure factor is close to unity S(Q) ≈1. Then, small angle scattering experiments provide full information about the size and shape of these 'objects' since the scattered intensity I(Q) directly reflects their form factor P (Q)
. Thus, the dimensions -quantified via the average radius of [47] . Thus, from simple inspection of the results shown in Fig. 1 we can deduce that the chain dimensions are reduced and the macromolecule is more compact after the intra-molecular cross-linking procedure. In the two limiting cases of compaction for a macromolecule, namely the selfavoiding walk conformation adopted by a linear macromolecule in good solvent and the globular morphology, the scaling exponent takes the values of the Flory exponent ν F =0.59
and ν g =1/3 respectively. In the case of a dense spherical globule (with inner bulk density),
an effective exponent ν = 0.25 (P (Q) ∼ Q −4 ) is found due to surface Porod scattering, followed by harmonic oscillations at higher Q [47] . For the intermediate case of a random walk, representing the Gaussian conformation of a linear chain in a θ-solvent or in bulk, the scaling exponent is 1/2. In such a case, the form factor is described by the well-known
Debye function:
The generalized Gaussian coil function [48] P (Q) = 1
where
allows for a description of the form factor for different values of the scaling exponent. It obviously reproduces the Debye function for ν=0.5. As can be seen in Fig. 1 , this function describes well the experimental data and allows a precise determination of the values of R g and ν. In the particular case shown in Fig. 1 , R g decreases from 13.5 nm to 9.8 nm and the scaling exponent, which for the linear precursor chains adopts the expected value of ν F =0.59, becomes 0.49 for the SCNPs.
Experiments in dilute conditions (5 mg/mL) were performed on precursors, SCNPs as well as on the linear deuterated PMMA chains that were used to induce crowding in the solutions (see Table I ). In the later case, the solvent was protonated DMF to enhance the contrast for neutrons. The values obtained for R g and ν are compiled in Table I . We also considered linear protonated PMMA chains of different molecular weights in deuterated ular average size as a function of the main-chain length, represented by the number of main-chain bonds N . Within the uncertainties, we can see that the results on the linear macromolecules collapse on the top of the expected law R g ∝ N ν F . This implies that the length of the statistical segment for all these polymers is basically the same, independently of the presence of side groups. On the other hand, a certain collapse is achieved through the Michael addition method for the different macromolecular sizes investigated (see Table I and Fig. 2) . However, the resulting morphology -characterized by ν = 0.46...0.49, see Table I is still far from the globular one, as it is usually found [11] . As can be seen in Fig. 2 , for the nano-particles the N -dependence of the size can be well described by R g ∝ N ν=0.47 , i. e., the macromolecular dimensions scale with an average value of the scaling exponents obtained for the three different molecular weights explored.
B. SANS on Michael-SCNPs in crowding conditions
Crowding with linear polymers
The effect of crowding the environment on the structure of SCNPs was first investigated by using linear polymeric chains (deuterated PMMA) as crowders. In a first set of SANS experiments, low-molecular weight chains (M w ≈10 kg/mol) were added to dDMF-solutions of the three kinds of Michael SCNPs. The concentration of SCNPs, c SCN P , was always kept fixed to c SCN P =5 mg/mL of the total solution. This value is well below the overlap concentration of the SCNPs in the three cases [c SCN P =60, 68 and 97 mg/mL for Hi-MNP, Me-MNP and Lo-MNP respectively, see Table I ]. The concentration of the crowder (c crow )
was varied between 0 and 395 mg/mL, such that the total polymer concentration c in the solution increased from 5 mg/mL up to 400 mg/mL. Given the low contrast between the crowders and the solvent (both deuterated), and the high contrast between the protonated SCNPs and the rest of the solution (Table II) , the scattered intensity is overwhelmingly dominated by the contribution of the SCNPs against the surrounding medium. Moreover, as Two concentrations might be invoked to be key ingredients in this situation: the overlap concentration of the SCNPs (c SCN P ) and that of the crowders (c crow ). From the R g -values obtained from the SANS experiments in dilute conditions, these values were calculated (see Table I ). They are represented by the arrows in Fig. 4 . They both are in the range where the crossover from unperturbed to collapsed dimensions take place, within the experimental uncertainties. Since for the chosen molecular weight of the crowder the differences between the values of its c and those of the SCNPs are not very large, it is not possible to univocally discern which one of the overlap concentrations plays the most important role in inducing the collapse of the SCNPs. It seems however that the crossover takes place in a concentration range that shifts toward larger values with decreasing molecular weight of the SCNPs, pointing to c SCN P as the most plausible candidate for being the key magnitude.
To check this hypothesis we investigated the effects induced by much longer crowding chains -thereby with a much smaller overlap concentration c crow << c SCN P . This was realized for the case of the Me-MNPs, namely using dPMMA crowders with M w ≈100 kg/mol.
As can be seen in Table I , for these chains c crow = 19 mg/mL, more than three-fold lower than c SCN P . Figure 5 shows the concentration dependence of the scaling exponent ν of the The construction of master plots for the size and scaling parameter ( (Table I) . Since the value of ν at high dilution was very similar for the three molecular weights investigated, this variable was not renormalized in Fig. 6(b) . The obtained master plots demonstrate that c SCN P is the relevant magnitude determining the onset of collapse of the SCNPs.
Crowding with SCNPs
This was the situation investigated by MD-simulations in our earlier publication [20] . Similar experiments were intended with SCNPs as crowders. Realizing these experiments presented however several difficulties. When solutions with high concentrations of protonated macromolecules in deuterated solvent are investigated by SANS, the scattered intensity reveals not only the form factor of the individual nano-objects but also the structure factor, which cannot be approximated by unity anymore. To prevent this interference term, only few protonated macromolecules might be labelled in a deuterated sea -as in the situation investigated with dPMMA linear chains as crowders. However, since the functionalized AEMA groups and crosslinking agents could not be obtained in their deuterated forms, the 'deuterated' SCNPs (dMNPs) contained a non-negligible fraction of hydrogenated stuff. Therefore we performed the experiments dissolving a fixed amount of protonated MNPs (5 mg/mL) in solutions of dMNPs and mixtures of dDMF and DMF such that the dDMF/DMF ratio matched the dMNPs scattering. To find the matching conditions we first measured the scattering from solutions of dMNPs in different dDMF/DMF ratios. The coherently scattered intensity was minimal for a solution with a composition of 70%dDMF/30%DMF for the solvent. With this solvent ratio fixed, crowding was induced by increasing the concentration in dMNPs. The molecular weight considered in this kind of experiments was 272 kg/mol. After background corrections, the results are shown in Fig. 7(a) for some of the concentrations investigated. They are supposed to be dominated by the contrast between the protonated SCNPs and the surrounding medium, revealing the form factor of the macromolecules. Superimposed to the expected result for the form factor, for all compositions there is a strong additional small-angle contribution, which prevents any reliable fit of the experimental data to Eqs. 6-8 and an accurate determination of the R g and ν-values. The low-Q feature observed is indicative for the presence of extremely large objects in the solutions.
To discard the hypothesis that the small angle contribution could be an artifact of the kind of isotopic mixtures used, we also measured a solution of 35 mg/mL (about half the In order to check whether the aggregates are soluble again, we started from solutions at 200 mg/mL. These were progressively diluted again, up to 5 mg/mL in different steps.
We found that CuNPs-solutions form gel-like structures in the concentration range 200≥
c ≥50 mg/mL; at lower concentrations (c ∼30 mg/mL) the system behaves as a viscous liquid and becomes liquid-like for c ≤30 mg/mL. However, only after several (∼8) days uni-molecular entities are obtained. Recovering solutions of isolated macromolecules turns to be impossible for MNPs-systems. In this case, the aggregates cannot be dissolved, even under high dilution conditions (5 mg/mL) and waiting for very long times.
We also diluted the starting 200 mg/mL-solutions to 5 mg/mL in one single shot. The systems with CuNPs recovered the uni-molecular character after one week; however, for MNPs solutions waiting did not help: even after two weeks the aggregates persisted.
We note that similar experiments carried out on low-M w MNPs solutions gave the same results as those obtained for the M w =124 kg/mol SCNPs above described.
D. MD-simulations
Now we test the former experimental results in the generic bead-spring model, which captures the universal monomer excluded volume and chain connectivity, and by construction is free of specific interactions and of both intra-and inter-molecular reactions in the solutions. Fig. 8 shows the form factor for the SCNPs in the solutions with linear crowders LIN50. Data are shown for concentrations from high dilution to the highest investigated one (about seven times the overlap concentration c * SCNP of the SCNPs). The form factor is calculated directly from the simulation coordinates as
where the sum is restricted over monomers belonging to the same SCNP. We find in Table III the size ratio SCNP/crowder leads to a stronger SCNP collapse . However, this is not always the case, and the trend is indeed reversed in the simulations by further increasing the length of the linear precursors to N = 800. In the presence of LIN800-crowders the SCNPs still show a stronger compaction than by using LIN10-crowders, but the compaction is weaker than that induced by the LIN50-and SCNP-crowders. It seems that the reentrance in the steepness of the collapse behavior occurs when the crowders become much larger than the SCNPs (the LIN800-crowders are about three times bigger than the SCNPs, see Table III ).
Unfortunately there was no counterpart with this size ratio in the real solutions and the reentrance could not be tested experimentally by now. This shall be the focus of future work.
Once checked that the simulations follow in general the same trends as the experimental results, further insight on the effect of crowding on the conformations of the SCNPs can be obtained by analysizing observables that cannot be directly accessed by the SANS experiments. Examples of such observables are given in Fig. 10 . All data sets in both panels correspond to the pure SCNP solutions, where the whole concentration range, from high dilution to bulk density, has been studied. Fig. 10a shows the average real-space distance r 2 (s) 1/2 between two monomers in the SCNP separated by a contour distance s. By labelling the monomers as i = 1, 2, ...N from one end to the other one in the backbone of the corresponding precursor, the contour distance between monomers i, j is just defined as s = |i − j|. Fig. 10b shows the contact probability distribution P c (s) between two monomers in the SCNP separated by a contour distance s. We consider that two monomers i, j are in contact if their real-space mutual distance is r ij < r 0 = r c = 2 1/6 σ.
For comparison, in Fig. 10a we include lines representing power-law behavior r 2 (s) 1/2 ∼ s ν . Though the SCNPs are not large enough to exhibit well-defined, broad power-law regimes, several trends in the real-space distance can be appreciated by increasing the contour distance and the concentration of the solution. For high dilution (c/c * 1) and small countour distances (s < 10) an effective exponent ν ≈ 0.6 is found. This behavior is close to that ideally expected for self-avoiding chains ( r 2 (s) 1/2 ∼ s ν F = s 0.59 ). At longer distances an exponent 0.4 < ν < 0.5 is found in consistency with the exponents found for the form factors at high dilution (Fig. 9b) , and resembling the behavior expected for Gaussian chains in θ-solvent (ν = 1/2). As aforementioned, the self-avoiding conformations of the precursor chains strongly favour bonding over short contour distances. This mechanism is inefficient for global compaction and just promotes the formation of very small local globules in the SCNP, in analogy with the structures adopted by chains and rings in θ-solvent. Though the total number of long loops per SCNP is too low to generate a compact topology, a significant fraction of SCNPs have some loop of length N/2 < l < N monomers [49] . By moving along the contour of a loop the real-space distance stops growing beyond some point when the trajectory goes back to the origin. Thus, the partial contribution of the SCNPs having some long loop rationalizes the flattening of r 2 (s) 1/2 at s > 100 observed at high dilution.
By increasing the concentration of the solution beyond the overlap concentration the effective exponents in r 2 (s) 1/2 decrease. In concentrated solutions and in the bulk (black symbols in Fig. 10 ) an exponent ν ≈ 0.5 is found for s < 10, indicating that at small scales the SCNP strands are similar to Gaussian chains. However their large-scale arrangement is rather different. Data at long s can be described by an effective exponent ν ∼ 0.35, in consistency with the exponents found in the form factors for c c * (Fig. 9b) . As anticipated by the analysis of the form factors, the observation of an exponent ν ∼ 1/3 in the scaling behaviour of r 2 (s) 1/2 suggests analogies between the conformations of SCNPs in highly crowded environments and those of crumpled globular objects (ν = 1/3). It must be noted that these are very different from the 'equilibrium' globular structures adopted by, e.g., collapsed linear chains in bad solvent. In that case r 2 (s) 1/2 would obey Gaussian statistics as linear chains in a melt (∼ s 1/2 ), and an ultimate plateau would emerge at s ≈ (3N/4π) 2/3 ≈ 13 where the radius of the confining sphere would be reached and the Gaussian paths would be bounced back [50, 51] . Morever, as aforementioned, equilibrium globular conformations would be reflected by Porod scattering in the form factor, P (Q) ∼ Q −4 , which has not been the case.
An important test of the analogy between the SCNP conformations in crowded solutions For the sake of clarity, the upper set in (a) (green symbols) has been rescaled by a factor 1.2. Lines indicate approximate power-law behaviour.
and those of crumpled globules can be obtained by observing the scaling behavior of the contact probability distribution. As shown in Fig. 10b , the latter can be described by a power-law P c (s) ∼ s −x . At high dilution an exponent x ≈ 1.6 is found for 5 < s < 100,
i.e., roughly in the same range of the approximate Gaussian behavior found in r 2 (s)
( Fig. 10a) . The exponent x ≈ 1.6 can indeed be rationalized by invoking statistics of Gaussian linear chains, for which the return probability of a long segment (s 1) [52] scales as s −3/2 . By crossing the overlap concentration the effective exponent decreases down to x ≈ 1.2 at the bulk density. To the best of our knowledge, no rigorous calculation has been reported in the literature for the exponent x characteristic of the crumpled globule.
Still an estimation (it is strictly inexact, see discussion in Ref. [40] ) by using mean-field arguments yields x = 3ν = 1 [40] . The observation x 1, as previously found for melts of ring polymers and chromatin loops in chromosomes [40, 42, 51, 53] , confirms the structural analogies between the conformations of SCNPs in crowded solutions and those of crumpled globular objects. It is worth stressing that the former results for the x-exponents are not sensitive to any reasonable choice 0.9 ≤ r 0 /r c ≤ 1.1 for the contact criterion r < r 0 .
Similar findings to those of Fig. 10 are observed in the mixtures. Fig. 11 shows results of SCNPs that do not participate in the intra-molecular cross-link network generated during the SCNPs synthesis. In concentrated conditions, the probability of close spatial proximity between such unreacted groups increases and interactions might occur. We note that the creation of a single inter-molecular bond leads already to the fomation of a dimer.
The reversibility of the aggregation process is determined by the kind of reaction involved in the cross-linking synthesis route. Cu-complexation is a reversible mechanism leading thus to aggregates of transitory character. On the contrary, the covalent nature of the cross-links An interesting observation from the simulations is that increasing the size of the linear crowders at fixed high monomer concentration initially leads to a stronger collapse of the SCNPs, but when the crowders become too large (several times the SCNP size, as in the LIN800 case) this trend is reversed. Exploring the case of longer crowders (N 800) would be computationally very involved because of the need of much longer boxes and equilibration times (scaling as N 3 since they are already in the entangled regime [47] ). Still, increasing the size of the linear crowder beyond some limit should not further influence the collapse behavior of the SCNP, since a segment of the same size as the SCNP will be just a small fraction of the linear chain and its typical spatial arrangement within the cloud of SCNP monomers will not be further modified.
The microscopic mechanism for the non-monotonicity of the SCNP collapse behavior is not clear. Some insight might be expected by identifying surface contacts per SCNP, these being defined as the average number of contacts, n surf , between monomers in the SCNP and in another macromolecule (again using r < r c = 2 1/6 σ as the contact criterion). At the highest common concentration that has been investigated, c = 7.2c * SCNP , we find the values n surf ≈ 40, 34, 26 and 10 for the SCNPs in the solutions with the crowders LIN10, LIN50, SCNP and LIN800, respectively.
Since following the crowder sequence LIN10 → LIN50 → SCNP leads to a stronger collapse of the SCNP at fixed concentration (Fig. 9) , it becomes clear that stronger collapse is actually not related to the mean-field picture based on the number of surface contacts between SCNPs and crowders, but to the spatial arrangement of the crowder monomers within the cloud of the SCNP. By increasing the crowder size (as it happens in the sequence LIN10 → LIN50 → SCNP, see Table III) the number of such possible arrangements decreases due to connectivity constraints, leading to the depletion of the SCNPs, which need to form more compact configurations, from the uncrossable long segments of the crowders. When the latter become much longer than the SCNP size (as in the case of the LIN800 crowders) there is a relative swelling of the SCNPs with respect to the solutions with shorter crowders.
A temptative explanation for such a relative swelling might be that when linear crowders are too long the only way to pervade the volume occupied by the SCNP is through some threading events.
As aforementioned, crumpled globular behavior has been previously observed in melts of ring polymers [40] . In this work we have shown that the crumpled globular conformations of the SCNPs are not only found in the concentrated pure solutions (MD-results), but also when the SCNPs are very diluted in the crowded solutions of linear chains (experiments and MD), i.e., even when SCNP-SCNP contacts are negligible and each SCNP is basically surrounded by linear chains. This is not the case for ring polymers, which adopt Gaussianlike conformations when they are diluted in a melt of linear chains [54, 55] . In connection with the discussion in the former paragraph, the presence, unlike in rings, of mutually cross-linked loops in the SCNPs [20] makes them relatively unthreadable [56] , and facilitates a stronger collapse than rings to accomodate the presence of the linear crowders in their surroundings.
VI. SUMMARY AND CONCLUSIONS
We have presented an investigation, by combining small-angle neutron scattering (SANS) and molecular dynamics (MD) simulations, on the conformational properties of single-chain nano-particles (SCNPs) in crowded macromolecular solutions. Crowding was induced by two means, namely by adding either linear polymer chains or SCNPs. The main conclusions can be summarized as follows:
• By using linear chains as crowders we find a crossover from almost unperturbed SCNP conformations in dilute conditions toward a continuous collapse of the macromolecule with increasing crowding. Using two very different molecular weights of the linear crowders we show that the overlap concentration of the SCNP is the key factor determining the crossover toward compaction. SCNPs start to collapse when the total concentration of the solution (diluted SCNPs and increasing crowders) reaches the value of the overlap concentration of the pure SCNP solutions, irrespective of the length of the crowders.
• The experiments inducing crowding by increasing the SCNPs concentration (as previously investigated by MD-simulations [20] ) turned out to be more complicated, re- • The generalizability of these experimental findings is supported by MD-simulations using a generic 'bead-spring' coarse-grained model. The simulations, which have used both SCNPs and linear crowders with overlap concentrations much lower and much higher than that of the SCNPs, unambiguously confirm that the onset of the SCNP collapse occurs at the total monomer concentration corresponding to the overlap concentration of the SCNPs. Moreover, the analysis of the scaling behavior of the different simulation observables confirms the trends suggested by the experimental form factors, and suggests that crumpled globular conformations are generally adopted by SCNPs in crowded macromolecular solutions. In the case of linear crowders, the SCNPs show, at fixed monomer concentration, a non-monotonic dependence of their collapse on the length of the crowders.
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